Using first-principles combined with quantum transport calculations, we predict that graphene sandwiched between insulating monolayers of Cr2Ge2Te6 ferromagnet and WS2 transition-metal dichalcogenide will exhibit spin-orbit torque (SOT) when unpolarized charge current is injected parallel to interfaces of Cr2Ge2Te6/graphene/WS2 van der Waals (vdW) heterostructure. Although graphene by itself is nonmagnetic and it has negligible spin-orbit coupling (SOC), both of which are required for the SOT phenomenon, Cr2Ge2Te6 induces proximity magnetism into graphene while WS2 concurrently imprints valley-Zeeman and Rashba SOCs in it. Unlike SOT on conventional metallic ferromagnets brought into contact with normal materials supplying strong SOC, the predicted SOT on such doubly proximitized graphene can be tuned by up to two orders of magnitude via combined top and back electrostatic gates. The vdW heterostructure also reveals how damping-like component of the SOT vector can arise purely from interfaces and, therefore, even in the absence of any spin Hall current from the bulk of a material with strong SOC. The SOT-driven dynamics of proximity magnetization moves it from out-of-plane to in-plane direction which opens a gap in graphene and leads to zero off current and diverging on/off ratio in such SOT field-effect transistor.
Introduction.-The recent discovery of atomically-thin magnets [1, 2] has opened new avenues for basic research [3, 4] on magnetism in the two-dimensional (2D) limit, stabilized by anisotropies, as well as for applications in spintronics [5] [6] [7] [8] [9] . The family of van der Waals (vdW) layered magnetic materials includes both conductors (such as Fe 3 GeTe 2 ) and insulators (such as Cr 2 Ge 2 Te 6 and CrI 3 ), as well as ferromagnets (such as Fe 3 GeTe 2 and Cr 2 Ge 2 Te 6 ) and antiferromagnets (such as bilayer CrI 3 ) [3] . Unlike conventional bulk magnetic materials, monolayer or few layer magnets are sensitive to external manipulations-gating, straining and coupling to other 2D materials within vdW heterostructureswhich can dramatically change their electronic structure and, therefore, the effective interactions between localized magnetic moments responsible for their long-range ordering.
In particular, very recent experiments have demonstrated spin-orbit torque (SOT) in Fe 3 GeTe 2 /Pt bilayers [8, 9] where Fe 3 GeTe 2 brings perpendicular magnetic anisotropy (PMA) favorable for magnetization switching and gate-tunable Curie temperature (up to room temperature). The current-induced SOT [12, 13] is a phenomenon where unpolarized charge current injected parallel to the interface of ferromagnet/SO-coupledmaterial bilayers generates nonequilibrium spin density ŝ neq (r) [14] within the ferromagnet which then exerts torque ∝ ŝ neq (r) × m(r) on its local magnetization m(r) [15] [16] [17] [18] [19] . The SOT efficiency is optimized by using the smallest possible current density and minimal energy to reverse the magnetization direction from positive to negative z-axis perpendicular to the interface. Such SOT-operated devices are envisaged as building blocks of nonvolatile magnetic random access memories [20] FIG. 1. Schematic view of Cr2Ge2Te6/graphene/WS2 vdW heterostructure which is attached to macroscopic source (S) and drain (D) reservoirs biased by a small bias voltage V b which injected unpolarized charge current parallel to interfaces. A back gate voltage U bg and a top gate voltage Utg applied over smaller region [10] are assumed to control the Fermi energy and the local on-site potential in graphene, respectively. The unit vectors of magnetic moments on Cr, Te and C atoms are denoted by mCr, mTe and mC, respectively, where only mC experiences SOT-driven dynamics.
or artificial neural networks [21] . However, thus fabricated Fe 3 GeTe 2 /Pt devices have employed ∼ 10 nm thick Fe 3 GeTe 2 layer while also passing current through the bulk of Pt and generating additional Joule heat losses (e.g., 2.5 × 10 11 A/m 2 current density was used to switch magnetization of Fe 3 GeTe 2 in Ref. [8] , which is much higher than minimal 6 × 10 9 A/m 2 achieved in ferromagnet/topological-insulator bilayers [22] ). Thus, the ultimate goal in increasing efficiency of SOT, which could be achieved with all atomically-thin materials arXiv:1910.08072v1 [cond-mat.mes-hall] 17 Oct 2019
(a) DFT-calculated electronic band structure of graphene sandwiched between monolayer Cr2Ge2Te6 and monolayer WS2. The color corresponds to the sz expectation value in equilibrium. (b) Side view of the geometry of the trilayer supercell.
within vdW heterostructure offering atomically flat and highly transparent interfaces, remains to be realized.
In this Letter, we employ first-principles combined with quantum transport calculations to predict that vdW heterostructure Cr 2 Ge 2 Te 6 /graphene/WS 2 composed of monolayer ferromagnetic insulator Cr 2 Ge 2 Te 6 [23] , monolayer graphene and monolayer of insulating transition-metal dichalcogenide (TMD) WS 2 will exhibit SOT with greatly reduced Joule heat losses since current flows mostly through graphene. The proposed heterostructures differs from all previously explored ferromagnet/SO-coupled-material systems because graphene as material exhibiting SOT is neither magnetic nor SO-coupled (the intrinsic SOC in graphene is minuscule [24] ) on its own. Instead, graphene within the vdW heterostructure depicted in Fig. 1 gets proximitized from both sides [25] [26] [27] [28] [29] , where Cr 2 Ge 2 Te 6 induces exchange splitting while WS 2 induces SOC in graphene.
Furthermore, we demonstrate that SOT in graphene is highly tunable-it can be modulated by a factor ∼ 10-100 using transverse electric field due to the top and bottom gate voltages applied to the heterostructure illustrated in Fig. 1 . This can be contrasted with previously achieved tuning of SOT by a factor of 4 in ferromagnet/topological-insulator [30] or ferromagnet/TMD [31] bilayers. We assume that back gate and top gate will change the carrier density globally or locally, respectively, thereby making it possible to tune the Fermi energy of the whole device while concurrently creating a potential barrier within its smaller region, as demonstrated in previous experiments on graphene devices [10] .
Finally, Cr 2 Ge 2 Te 6 /graphene/WS 2 vdW heterostructure, without any bulk material and the SH current [32] generated by it, allows us to address a key issue [33, 34] in the field-can purely interfacial-SOC-based mechanism generate damping-like (DL) component of SOT and how can such mechanism be controlled? For example, DL SOT in Fe 3 GeTe 2 /Pt, or in conventional ferromagnet/heavy-metal bilayers, is standardly interpreted [8, 12] in terms of the spin Hall (SH) current flowing from the bulk of the heavy-metal layer (like Pt, Ta or W) into the ferromagnetic layer while traversing interface perpendicularly. Thus, its magnitude can hardly be controlled by external means and, instead, apparently requires to search for materials exhibiting the largest SH angle [32] . Moreover, experiments suggest [33] that interfacial SOC should be minimized because it generates spin memory loss [35] and, therefore, depolarization of SH current and reduction of the corresponding DL SOT. On the other hand, many experiments find opposite sign of field-like (FL) and DL components of the SOT vectortermed based on how they enter into the Landau-Lifshitz-Gilbert (LLG) equation for classical dynamics of magnetization where DL component is largely responsible [36] for magnetization switching [20] -thereby pointing to a single mechanism behind both SOT components [36] . Finally, recent first-principles quantum transport calculations [16, 17] for ferromagnet/heavy-metal bilayers have revealed an interfacial mechanism, not dependent on the thickness of the heavy metal layer and not yet fully understood microscopically, which generates DL SOT comparable or larger to the one expected from the SH current alone. This is in contrast to previous first-principles calculations (utilizing phenomenological broadening η) which did not reveal any interfacial contribution to DL SOT [18, 19] .
First-principles electronic and spin structure.-The density functional theory (DFT) calculations are performed on the supercell of Cr 2 Ge 2 Te 6 /graphene/WS 2 stack depicted in Fig. 2(b) using Quantum ESPRESSO [37] and WIEN2k packages [38] packages, with details provided in the Supplemental Material (SM) [39] . This consists of a 5 × 5 supercell of graphene whose bottom surface is covered by a √ 3 × √ 3 supercell of Cr 2 Ge 2 Te 6 , while its top surface is covered by a 4 × 4 supercell of WS 2 . Bulk vdW crystal Cr 2 Ge 2 Te 6 , which is composed of weakly bound monolayers, has Curie temperature T C 60 K and PMA. Each monolayer is formed by edge-sharing CrTe 6 octahedra where Ge pairs are located in the hollow sites formed by the octahedra honeycomb. The layers are ABC-stacked, resulting in a rhombohedral R3 symmetry. We stretch the lattice constant of graphene by roughly 2%-from 2.46Å to 2.5Å-and stretch the lattice constant of Cr 2 Ge 2 Te 6 by roughly 6%-from 6.8275Å [45] to 7.2169Å. The WS 2 lattice constant is compressed by roughly 1%-from 3.153Å [46] to 3.125Å. The heterostructure supercell has a lattice constant of 12.5Å and it contains 128 atoms. The distance between WS 2 and graphene is 3.28Å, in agreement with previous calculations [27] . The distance between Cr 2 Ge 2 Te 6 and graphene is about 3.52Å, also in agreement with previous calculations [47] . The band structure in Fig. 2(a) shows that the Dirac cone of graphene is preserved and located in the global band gap, so it can be probed by charge and spin transport. Figure 3 shows a zoom to the fine structure around K and K points with a fit to our continuous model Hamiltonian in Eq. (1).
Model Hamiltonian.-Using first-principles calculations and additional symmetry arguments [28, 48] , we can extract a continuous model Hamiltonian
which is valid in the vicinity of both Dirac points, K and K . The systems we consider have broken time-reversal symmetry and only C 3 symmetry. We denote v F as the Fermi velocity, and wavevector components k x and k y are measured from ±K. The valley index is τ = ±1 for ±K and the Pauli spin matrices areŝ i , acting on spin space (↑, ↓), and pseudospin matrices areσ i , acting on sublattice space (C A , C B ), with i = {0, x, y, z} where i = 0 denotes a unit 2 × 2 matrix. For notational convenience, we useσ ± = 1 2 (σ z ±σ 0 ). The staggered potential gap is ∆, and the parameters λ A I and λ B I denote the sublatticeresolved intrinsic SOC. The parameter λ R is the Rashba SOC, and the proximity exchange interaction parameters are λ A ex and λ B ex . The parameter ξ describes valley exchange coupling resulting from an in-plane magnetization component [28] . The four basis states are |Ψ A , ↑ , |Ψ A , ↓ , |Ψ B , ↑ , and |Ψ B , ↓ . The model Hamiltonian is centered around the Fermi level at zero energy. Since first-principles results capture doping effects, we also introduce parameter E D (termed Dirac point energy) which shifts the global band structure.
The fitting parameters for Cr 2 X 2 Te 6 /graphene/WS 2 stacks with X = {Si,Ge,Te} are summarized in Table I . They are in agreement with previous calculations for graphene/TMD [26, 27] and graphene/Cr 2 Ge 2 Te 6 heterostructures [47] . As demonstrated by comparing symbols (DFT bands) and solid lines (model Hamiltonian bands) in Fig. 3 , the model Hamiltonian in Eq. (1) with parameters from Table I can perfectly reproduce the band structure and ŝ z expectation values around both valleys. The valley degeneracy is clearly broken, especially when looking at the highest (lowest) spin-up (spindown) bands at the K and K valleys. This is due to the interplay of proximity exchange interaction and SOC, splitting the bands in the two valleys differently. Furthermore, Rashba SOC mixes the spin states and opens a global band gap, different for the two valleys. The SM [39] also provides equilibrium spin textures, band structure and fitting parameters for Cr 2 X 2 Te 6 /graphene stacks without WS 2 . Quantum transport calculations of SOT.-Firstprinciples quantum transport calculations of SOT in ferromagnet/heavy-metal bilayers have been previously conducted [18, 19] using the Kubo formula coupled to first-principles tight-binding (FPTB) Hamiltonianŝ H FPTB , where one utilizes the retarded Green function (GF),Ĝ r (E, k x , k y ) = [E −Ĥ FPTB (k x , k y ) + iη] −1 , with phenomenological broadening η. However, this methodology cannot capture the full physics of SOT [60] , and particularly its complex angular dependence [16, 17, 50] . Instead, we split infinite in the xy-plane (see coordinate system in Fig. 1 ) Cr 2 Ge 2 Te 6 /graphene/WS 2 trilayer into semi-infinite left (L) lead, central region and semiinfinite right (R) lead of the Landauer setup for quantum transport calculations [51] . The leads are taken into account by the self-energiesΣ L,R (E, k y ). The simulated central region consists of an armchair graphene nanoribbon which is described by FPTB HamiltonianĤ FPTB , corresponding to the continuous one in Eq. (1), which is written down explicitly in the SM [39] . The nanoribbon (illustrated in Fig. S4 in the SM [39] ) is periodically repeated along the y-axis, so that k y -points are sampled to take into account infinitely wide system [11] . The retarded GF of such central region is given bŷ
By computing the nonequilibrium ρ neq (k y ) = 1 2πi dEĜ < (E, k y ) and the equilibrium ρ eq (k y ) = − 1 π dE ImĜ r (E, k y )f (E) density matriceswhere we express lesser GFĜ < (E) in terms ofĜ r (E, k y ) assuming elastic transport of electrons [51] , and use Ozaki contour [52] for integral inρ eq (k y ) with f (E) being the Fermi-Dirac distribution function-we can construct the current-driven (CD) part of the nonequilibrium density matrixρ CD (k y ) =ρ(k y ) neq −ρ(k y ) eq [15, 16] . This yields the CD nonequilibrium expectation value of spin density at site i, ŝ i CD (k y ) = 2 Tr spin [ρ CD (k y )ŝ], where the trace is performed in the spin space only. The k y -dependent SOT is averaged over N A atoms of the triangular sublattice A and N B atoms of the triangular sublattice B of the honeycomb lattice of graphene
as well as over the first Brillouin zone (BZ), T = W 2π BZ τ (k y )dk y , where W is the width of the nanoribbon [Fig. S4 in the SM [39] ]. This gives the magnitude of SOT components plotted in Figs. 4 and 5 in the units of eV b /A, where V b is the applied small bias voltage in the linear-response transport regime driving the injected current and A is the area of a single hexagon of the honeycomb lattice. The unit vector m C = (sin θ cos ϕ, sin θ sin ϕ, cos θ) specifies the direction of local magnetic moments on carbon atoms of both graphene sublattices.
The SOT vector can be decomposed, T = T o + T e , into odd (o) and even (e) in m C components [18, 50] . Their Fermi energy dependence for m C z (z is the unit vector along the z-axis) is shown in Fig. 4 . Interpretation of experimental [50] and computational [16, 17] data for SOT requires to explain often observed complex angular dependence of T o and T e . For this purpose, we fit computational data (dots) in Fig. 5(a) -(c) with an infinite series [16, 50] for T e and T o vector fields on the unit sphere of orientations of m C . In the ballistic transport limit-with no impurities, potential barrier and, therefore, no voltage drop-T e ≡ 0 in Fig. 4(a) , as observed previously for simplistic Rashba ferromagnetic model [53] . In the same regime, T o = τ 0 y × m C fits perfectly computational data, so that only the lowest order term of the series is needed and it acts as the pure FL SOT. It originates solely from the inverse spin-galvanic effect [54, 55] in which nonequilibrium spin density along the y-axis (with unit vector y) arises due to unpolarized charge current injected along the x-axis in the presence of SOC-generated equilibrium spin textures (Fig. S1 in the SM [39] ) and the corresponding spin-momentum locking.
Once the potential barrier is introduced into the graphene by using the top gate voltage to create a uniform on-site potential, U tg = 0.1 eV, a nonzero T e = 0 emerges in Fig. 4(b) while both even and odd SOT components acquire complex angular dependences in Fig. 5(a) -(c). They can be fitted by
with the numerical values of the fitting parameters given in the SM [39] (other expansions, such as using orthonormal vector spherical harmonics, can also be employed [17] ). The lowest order term, T e = τ e 0 m C × (y × m C ), is the standard DL SOT, while higher terms have properties of both FL and DL components [17] .
The potential U tg = 0 that leads to nonzero T e = 0 also generates reflection of electrons from such barrier. We fix its height at U tg = 0.1 eV in order to bring graphene into the so-called pseudodiffusive [56, 57] transport regime characterized by the same shot noise [58] as the diffusive wires with impurities (but no impurities are used in our clean proximitized graphene). Thus, Figs. 4(b) and 5(a)-(c) reveal that an interfacial mechanism for the DL SOT in proximitized graphene requires combination of SOC and back-scattering. Previously discussed mechanisms of purely interfacial generation of DL SOT have invoked either spin-dependent impurities [59, 60] or nonzero voltage drop [53] . As demonstrated in Fig. 4(b) , combined tunning of the Fermi level and potential barrier height can modulate |T o | in doubly proximitized graphene by two orders of magnitude and |T e | by an order of magnitude.
Finally, by combining T = F (m C ) from Eq. (3) with the coupled LLG equations, dm X /dt = −γm X × B eff X + λm X × dm X /dt + γ µX T, for six magnetic moments on Cr, Te, and C atoms, we obtain the time evolution of m C (t) in Fig. 5(e) . Here γ is the gyromagnetic ratio; B eff X = − 1 µX ∂H/∂m 1 is the effective magnetic field due to exchange interactions in the classical Heisenberg Hamiltonian (with anisotropy) with exchange couplings J X−Y whose values obtained from DFT calculations are given in Fig. 5(d) in units of J C−Te ; and λ = 0.01 is chosen as the Gilbert damping parameter. The trajectory m C (t) in Fig. 5(d) shows that SOT will drive proximity magnetization in graphene from out-of-plane direction along the −z-axis to in-plane direction along the y-axis (θ = 90 • ). This opens a enlarges the gap in Fig. 3 of graphene, thereby bringing transmission function [ Fig. S5 in the SM [39] ] and the corresponding conductance in Fig. 5 (f) to zero thereby making doubly proximized graphene to act as SOT field-effect transistor (SOTFET). For a logical gate to operate, its transistor should undergo transitions between the "off" and the "on" states, where the "on"/"off" ratio for the transistor conductance should be as high as possible to provide a reliable gate operation. While zero off current is impossible to achieve in conventional field-effect transistors with manipulation of classical barriers, and very recent proposals for SOTFET estimate "on"/"off" ratio at 10 8 , the SOTFET unveiled by Fig. 5 (f) exhibits ideal diverging "on"/"off" ratio. K. Z. and J. F. were supported by DFG SPP 1666, DFG SFB 1277. M. D. P. and P. P. were supported by ARO MURI Award No. W911NF-14-0247. B. K. N. was supported by DOE Grant No. de-sc0016380. The supercomputing time was provided by XSEDE, which is supported by NSF Grant No. ACI-1053575.
